The human brain is a patchwork of different functionally specialized areas. What 20 determines this functional organization of cortex? One hypothesis is that innate 21 connectivity patterns shape functional organization by setting up a scaffold upon which 22
functional specialization can later take place. We tested this hypothesis here by asking 23 whether the visual word form area (VWFA), an experience-driven region that only 24 becomes selective to visual words after gaining literacy, was already connected to proto 25 language networks in neonates scanned within one week of birth. We found that 26 neonates showed adult-like functional connectivity, and observed that i) the VWFA 27 connected more strongly with frontal and temporal language regions than regions 28 adjacent to these language regions (e.g., frontal attentional demand, temporal auditory 29 regions), and ii) language regions connected more strongly with the putative VWFA than 30 other adjacent ventral visual regions that also show foveal bias (e.g. fusiform face area, 31 FFA). Object regions showed similar connectivity with language areas as the VWFA but 32 not with face areas in neonates, arguing against prior hypotheses that the region that 33 becomes the VWFA starts out with a selectivity for faces. These data suggest that the 34 location of the VWFA is earmarked at birth due to its connectivity with the language 35 network, providing novel evidence that innate connectivity instructs the later refinement 36 of cortex.
INTRODUCTION 38
Decades of research suggest that the adult brain is composed of patches of cortex that 39 are specialized for unique mental functions. To what extent is the functional 40 organization of the human brain innate? Recent advances in developmental 41 neuroimaging have made it possible to start to answer this question. For example, a 42 recent study showed category-selective responses in high-level visual cortex for faces 43 and scenes in infants 1 . Moreover, research in congenitally blind individuals suggests 44 that cortical selectivity for high-level visual categories may not require visual 45 experience 2 . In addition to the early emergence of visual processing, a previous study 46 also found a neural precursor of language processing in infants 3 . Specifically, they 47 found brain activity in left superior temporal and angular gyri to human speech in 3-48 month-old infants. These studies support the protomap hypothesis, which suggests that 49 early genetic instructions give rise to the mature functional areas of the cortex. 50
However, the driving factor of this early functional specialization remains ambiguous. 51
The Connectivity Hypothesis proposes that the specialization of a given brain region 52 is largely shaped by how it connects and communicates with the rest of the brain. 53
Alternative (but not mutually exclusive) hypotheses are that the location of a given brain 54 region is determined by its intrinsic molecular or circuit properties or, in the case of 55 visual areas, by pre-existing featural or retinotopic biases that predispose a region to 56 become selective to foveal or peripheral stimuli (Retinotopic Hypothesis) 4-7 . Previous 57 work showed that structural connectivity (via diffusion imaging) can predict the 58 functional selectivity of a brain region to different visual categories (i.e., faces, scenes, 59 objects, bodies) 8, 9 . Functional connectivity (FC) (through resting-state scans) can also 60 be used to predict selectivity to various functional selectivity across the brain 10-12 . This 61 work suggests that, at least in adults, connectivity is tightly intertwined with functional 62
selectivity. 63
Few studies have examined whether early connectivity patterns may earmark cortical 64 tissue as the future site of a functionally specific region. A resting-state FC study in 65 macaques found that while newborn macaques deprived of faces did not show face-66 selective responses, they did show a proto-organization for retinotopy throughout the 67 visual system 13 . This study supports the Connectivity Hypothesis as well as the 68 Retinotopic Hypothesis, by suggesting that connectivity with early visual areas may set 69 up a retinotopic scaffold upon which early viewing behavior, paired with the right type of 70 input (e.g. faces) may then bias domain formation in stereotyped locations in high-level 71 visual cortex. However, there likewise exists highly experience-dependent visual 72 regions that are also in stereotyped locations, like the visual word form area (VWFA), 73 which responds strongly to visual words or letter strings and only exists in literate 74 individuals 14, 15 . How does the VWFA differentiate from the adjacent fusiform face area 75 (FFA)? The perception of both words and faces requires the analysis of high-spatial 76 frequency and foveal input [16] [17] [18] , and thus connectivity to early retinotopic areas may not 77 differentiate them. Alternatively, the VWFA may become increasingly selective to visual 78 words and may be differentiated from FFA by communicating with other regions, e.g. 79 the language network. Thus, contrasting the development of the VWFA vs. FFA will help 80 disentangle the Connectivity Hypothesis from the Retinotopic Hypothesis. 81
In adults, the VWFA connects with perisylvian language cortex, differentiating it 82 from adjacent visual cortex 19 ; other studies also found that white matter fibers that 83 originated from the VWFA pass through fascicles that may be critical for language 84 processing 20, 21 . In children, a longitudinal study found that connectivity patterns in pre-85 literate 5-year-olds predicted the location of the VWFA in each child at age 8 after they 86 learned to read, and differentiated it from the adjacent FFA 22 . The connectivity patterns 87 that predicted the VWFA included putative language areas, suggesting that connectivity 88 to these regions may earmark the future location of a visual region that is selective to 89 words, and also set up a scaffold upon which future functional specialization can take 90 place. However, while the 5-year-olds could not read (and at that age, lacked neural 91 selectivity to letters or letter-like stimuli), they still would have had years of visual 92 experience with letters and words. Is the putative VWFA already connected differently 93 and set up to be differentiated from adjacent visual regions, even at birth? Alternatively, 94 is the VWFA recycled from the adjacent FFA 7 or other adjacent regions; in other words, 95
is the VWFA undifferentiated from the FFA in terms of its connectivity to language areas 96 in neonates? 97
Here, we tested this proto-organization of the VWFA in the newborn brain. Based on 98 the Connectivity Hypothesis, we hypothesized that although the VWFA is highly 99 experience-dependent, it is already 'prewired' to be selective for visual words by 100 communicating with proto language regions at birth. Specifically, by examining 101 neonates who were scanned within one week of birth, we asked i) Does the VWFA 102
show adult-like FC with the temporal and inferior frontal language network compared 103 with adjacent regions like the multiple-demand (MD) network, speech regions, and 104 primary auditory cortex (A1)? ii) Are connections stronger between language areas and the cortical tissue of the putative VWFA, than with other visual areas within the ventral 106 temporal cortex? 107 108 109
RESULTS

110
FC between the putative VWFA and language regions 111
We examined whether the putative VWFA already showed adult-like FC patterns even 112 at birth. First, we asked, does this cortical tissue connect more to language regions vs. 113 regions in the vicinity of language areas? We identified the putative VWFA, frontal and 114 temporal language regions; as a comparison, we also included frontal multiple-demand 115 (MD) regions (which activate during a wide variety of cognitively demanding tasks), 116 speech regions in perisylvian cortex that don't respond preferentially to language but 117 rather more generally to human speech sounds (much like a higher order auditory 118 cortex), and primary auditory cortex (A1) (see Online Methods; Fig. 1a ). The regions 119
were defined in independent groups of adults and overlaid on the individual anatomical 120 space of neonates and adults in this dataset (see Online Methods). 121 were mean-centered and averaged within each of the four categories to plot the relative 130 patterns for the adult and neonate groups. TempLang, temporal language regions; 131 frontalLang, frontal language regions; frontalMD, frontal multiple-demand regions. * 132 denotes significant one-sample t-test (p < 0.05). 133
134
We calculated the functional connectivity (FC) between the VWFA (seed region) and 135 the language, MD, speech, and A1 regions (target regions). First, we examined the 136 VWFA's connectivity to temporal regions. We ran a 2-way ANOVA of age group 137 (neonate, adult) × target (temporal language regions, speech, A1) and found significant 138 main effects for both target and age group (target: F(2,225) = 17.23, p < 0.001; age 139 group: F(1,225) = 30.51, p < 0.001), and no interaction between age group and target. Both adults and neonates showed higher connectivity between the VWFA and language 141 parcels compared with the connectivity between the VWFA and the adjacent speech 142 region ( Fig. 1b, Next, since language regions also exist in frontal cortex, we explored the 147 connectivity of the VWFA to frontal language regions. To control for potential distance or 148 location confounds, we compared the connectivity between the VWFA to frontal 149 language regions vs. the connectivity between the VWFA to frontal multiple-demand 150 (MD) regions, which are intertwined with language regions but are functionally distinct 151 from them ( Fig. 1a) . We first ran a 2-way ANOVA of age group (neonate, adult) × target 152 (frontal language, frontal MD) and found significant main effects for both target and age 153 group (target: F(1,150) = 48.72, p < 0.001; age group: F(1,150) = 16.29, p < 0.001), and 154 the interaction between target and age group was also significant (F(1,150) = 14.85, p < 155 0.001). We found that the connectivity between the VWFA to frontal language regions 156 was significantly higher than its connectivity to frontal MD regions (adult: t(74) = 8.23, p 157 < 0.001, corrected, 95% CI = [0.20, 0.32]; neonate: t(76) = 2.08, p < 0.05, corrected, 158 95% CI = [0, 0.15]) (Fig. 1b, bottom) . These findings are summarized by the 159 connectivity fingerprint plot in Fig. 1c , which indicates similar shapes (i.e., similar 160 connectivity patterns) between neonates and adults. These results indicate that the 161 cortical tissue that will later develop sensitivity to visual words have connectivity 162 patterns that are relatively adult-like in the neonatal brain, suggesting that it is 163 earmarked to become functionally specialized by showing preferential connectivity with 164 language regions at birth. LO; Posterior Fusiform Sulcus, PFS) ( Fig. 2a) . These regions were overlaid on the 174 individual anatomical space as above (see Online Methods). regions. Connectivity values were mean-centered and averaged within each of the four 183 categories to plot the relative patterns for the adult and neonate groups. * denotes 184 significant one-sample t-test (p < 0.05). 185
We ran a 2-way ANOVA of age group (neonate, adult) × target (VWFA, faces, 186 scenes, objects) and found significant main effects for both target and age group 187 (target, (F(3,300) = 16.32, p < 0.001; age group, F(1,300) = 22.88, p < 0.001; marginal 188 significant interaction between target and age group (F(3,300) = 2.19, p = 0.089). Post-189 hoc t-tests revealed that in adults, the connectivity between language regions and the 190
VWFA was significantly higher than all other high-level visual regions tested (face: t(74) 191 [0.04, 0.14]) (Fig. 2b) . The neonates showed a similar pattern, where connectivity 194 between language regions and the VWFA was significantly higher than connectivity of 195 between language regions' connectivity to the VWFA vs. object regions in neonates 198 ( Fig. 2b) . These results indicate that neonates show an overall similar FC pattern as 199 adults (Fig. 2c) , with highest connectivity between language regions and VWFA; 200 however, given that neonates show similar connectivity between language-VWFA and 201 language-object regions, it suggests that there is further developmental refinement as 202 functional specialization takes place. Next, to get a finer characterization of the connectivity between language regions 215 and the whole ventral temporal cortex (VTC) in neonates, we performed a voxel-wise 216 analysis within the VTC to explore which voxels connect most with language regions. 217
One-sample t-tests were performed across neonates to identify voxels that are 218 significantly connectivity with language regions (FWE corrected by nonparametric 219 permutation tests, p < 0.05) 23 ; these voxels were located mostly in the lateral fusiform gyrus and a more posterior part of VTC (Fig. 3a) . To identify which functional regions 221 these voxels belonged to, we parametrically increased a threshold from the median to 222 the top 95 th percentile of FC across the VTC, and calculated the number of voxels within 223 the VTC that were connected to language regions; we then quantified how many of 224 these voxels belonged in each functional region (as a proportion of all VTC voxels that 225 passed the threshold; Online Methods). We found that voxels that were connected to 226 language regions were always located in the expected site of VWFA, above and beyond 227 all other functional regions in the vicinity; this result was significant for all thresholds 228 ( Fig. 3b) . We additionally did the same voxel-wise analysis in adult group, and again 229 found that highest proportion of VTC voxels were located in VWFA compared with other 230 adjacent high-level visual regions, which were significant for all threshold from the 231 median to the top 95 th percentile of FC. 232 233
Discussion
234
A mosaic-like functional organization is consistently found in the adult brain. However, 235 the driving factor of this functional organization and its variation across individuals 236 remains unclear. The Connectivity Hypothesis proposes that the future function of a 237 given brain area is largely shaped by how this region connects with the rest of the brain. 238
Other alternative accounts (that are not mutually exclusive with the Connectivity 239 Hypothesis) are that other factors, such as retinotopic biases (i.e. Retinotopic 240 Hypothesis) or other intrinsic cellular specialization, may set up a protomap for 241 functional organization. Classic studies of 'rewired' ferrets showed that the cortical 242 region that would have developed into A1 took on many of the properties of V1 after 243 retinal input was rerouted to that location, showing in animal models that connectivity 244 precedes function 24-28 . Our findings extend this work from primary sensory cortex to 245 high-level cortical regions in human neonates. In the present study, we investigated the 246 connectivity patterns of the putative VWFA, a highly experience-dependent region, in 247 the neonatal brain, and asked: is this region already pre-wired at birth to develop 248 differential functional specialization from its neighbors? We found that the putative 249 VWFA already shows adult-like connectivity patterns in neonates. Specifically, this 250 cortical tissue may be earmarked to become selective to visual words by showing 251 preferential connectivity with language regions. Moreover, the present study indicates 252 that despite the early development of high-level visual cortex 1 , language regions 253 specifically connect with the future site of VWFA compared with adjacent face and 254 scene regions, just like adults. This research provides the earliest possible evidence in 255 humans that the cortical tissue that will later develop sensitivity to visual words has a 256 connectivity pattern at birth that makes it fertile-ground for such developmenteven 257 before any exposure to words. 258
A recent study found that the VWFA has preferential FC with the core language 259 system in adults 29 . Our study replicates this FC pattern, but importantly, we find that the 260 preferential FC (and structural connectivity) between VWFA and language regions 261 already exists in the neonatal brain. This result suggests that although neonates might 262 not have a VWFA, this cortical tissue is already set up for its future function by showing 263 higher connectivity with putative language regions. This provides strong evidence for 264 the Connectivity Hypothesis of the functional organization of our brain. Moreover, our 265 results indicate that there is little, if any, communication between the VWFA and either 266 A1 or the adjacent speech region, which is sensitive to the features of human speech 267 (i.e., segmental and suprasegmental phonological properties). Infants within the first 268 month of life show neural activation for speech vs. backwards speech 3 . Our results 269 suggest that VWFA does not show preferential functional or structural connectivity with 270 speech-selective regions in adults, but rather with adjacent language regions that are 271 selective to higher-level semantic properties; further we show that this organization is 272 present even at birth. These results suggest that the connectivity patterns of the 273 putative VWFA are spatially precise even in newborns, and that phonemic 274 representations for visual words may be accessed through other networks. 275
The VWFA serves as a good model to study the emergence of functionally selective 276 regions. This region is highly experience-dependent and so it is almost certainly 277 selective or shows preferential visual responses to another stimulus type (e.g., recycled 278 from another high-level region) before the experience is gained. Previous studies 279 posited that this cortical tissue starts out as part of the face network, and becomes 280 increasingly selective to words and less selective to faces in the left hemisphere as 281 literacy is acquired 15, 30 . This hypothesis is an attractive one because the perception of 282 both faces and words require high-spatial frequency information that is represented 283 foveally. Thus, with a retinotopic bias/connectivity from lower-level visual regions, it may 284 be possible to first differentiate face regions from scene regions (foveal vs. peripheral 285 bias) early in development (if not at birth), and then face from word regions after literacy 286 is gained, perhaps through differential connections with fronto-temporal language 287 regions. In contrast, our study finds evidence that the VWFA is in fact similar in its 288 connectivity with language regions as object regions, suggesting that the putative 289 VWFA may first be undifferentiated from object regions. This result aligns with another 290 study which found that young children's letter-recognition abilities may be related to 291 their object recognition skills 31 . Moreover, a recent study shows that although the VWFA 292 can be defined with words vs. faces in both skilled and struggling readers, the VWFA in 293 struggling readers shows similar selectivity to words as it does to objects 32 . One 294 possibility is that while the VWFA is already differentiated from face and scene areas at 295 birth, it gains its selectivity to orthography through relevant experience and splits off 296 from object cortex through repeated co-activations and further strengthening of its 297 connections with language cortex. This hypothesis should be tested longitudinally to 298 see how connections are strengthened and/or weakened as an individual gains literacy 299 and as this piece of cortex begins to show preferential responses to orthography. 300
Another question that is raised by the present study is how the connectivity patterns 301 themselves arose prenatally and evolutionarily. It is likely that a complex mechanism of 302 intrinsic cellular or properties in different cortical regions and early signaling 303 mechanisms set up these large-scale connections. It is possible that the VWFA is 304 simply in a privileged location, due to a myriad of mechanisms including appropriate 305 connections, cellular properties, and intrinsic circuitry, that facilitates its later selectivity. 306
Future studies combining animal models with studies in other human populations, e.g. 307 premature human infants, may help further elucidate these mechanisms. 308
A challenge of studying the functional organization of the neonatal brain is that there 309 is no adequate way to localize functional responses using MRI in neonates. Here we 310 used functional regions from established studies and registered these regions to both 311 adult and neonate brains using specialized software packages for infant image 312 registrations. We also chose adjacent functional regions to test the spatial specificity of 313 our findings. Future studies may consider new approaches to localize functional 314 responses in young infants to further test the specificity of the current findings. Finally, 315
we tested the Connectivity Hypothesis for the VWFA specifically. The findings suggest 316 that connectivity-based scaffolding may be a general driving mechanism for the 317 functional organization of human cortex, but the generality of this hypothesis for other 318
mental domains remains to be tested. 
